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Introduction
Ferrite-martensite dual phase (DP) steels (hereafter referred to DP steel) are widely studied because of their simultaneously high strength and ductility, which satisfy the requirement of car weight reduction and fuel saving in the automotive industry [1] [2] [3] . DP steels are typically produced commercially via hot rolling and cold rolling followed by annealing [1, 2] . Another potentially competitive technology for commercial production of DP steels is the strip casting process, wherein strips are directly obtained from molten metal, followed by a subsequent rolling [4] [5] [6] . In this regard, the strip casting process has been successfully used for industrial production of carbon steels, stainless steels and silicon steels [6, 7] as well as laboratory production of twinning-induced plasticity steel [8] . In addition, the present authors have undertaken laboratory scale trials to produce transformation-induced plasticity steel [9] and DP steel [10, 11] , and their microstructures and mechanical properties were analysed in detail.
Although the microstructure and textures of austenitic strip cast steels containing two phases were investigated earlier [12] , this is one of the first studies addressing the formation of ferrite-martensite DP steels using laboratory simulated strip casting. It should be noted that the coarse prior austenite grain size (PAGS) remains a primary challenge on the way of obtaining optimal mechanical properties via the strip casting technology due to limited deformation resulting from only one mill stand in this processing [6] . Thus, studying on the effect of deformation temperature is significantly important.
Thermo-mechanical controlled processing (TMCP) is widely used in steel industry to tune and refine microstructures with deformation temperature being one of the key parameters in this process. Deformation above non-recrystallisation temperature (T nr ) leads to austenite recrystallisation and in turn an increase in the number of polygonal ferrite nucleation sites, resulting in microstructure refinement [13, 14] . When the deformation temperature is below T nr , the microstructure is further refined due to the increased number of polygonal ferrite nucleation sites in the interior of the pancaked austenite grains [15, 16] . However, most commonly applied TMCP schedules can only achieve a minimum grain size of ~ 5 μm for carbon and alloyed steels [17] .
Alternatively, advanced TMCP, such as strain-induced ferrite (SIF) formation [18] or warm rolling followed by intercritical annealing [19, 20] , provides the possibility to reduce the grain size down to ~ 1 μm. The SIF formation is attractive for future applications as it can be utilised for mass production on currently available industrial facilities or after minor modifications. When the deformation temperature is in the range from austenite-to-ferrite transformation start temperature (Ar 3 ) to (Ar 3 + 100) °C, SIF transformation reduces the average ferrite grain size (considering both polygonal ferrite and SIF) to 1 μm [21] [22] .
Hurley et al. [17, 23, 24] produced low carbon steels (0.0022 -0.17 wt. % C) with finegrained SIF, resulting in an average ferrite grain size of 1 -3 μm. Karmakar et al. [22] and Mukherjee et al. [25] also successfully produced DP steels with an average ferrite grain size of ~ 1.5 μm by the application of SIF transformation.
The effects of deformation temperature, strain, strain rate and PAGS on SIF formation was systematically studied for DP steels [22, 25, 26] . SIF was found to preferentially nucleate along prior austenite grain boundaries, with in-grain nucleation promoted by a decrease in deformation temperature and an increase in strain, leading to more nucleation sites for SIF.
Increasing the strain rate also increases the SIF nucleation sites, but reduces the time for its growth. Here increasing the SIF nucleation sites leads to a finer average ferrite grain size.
All the above studies notwithstanding, the SIF transformation mechanism is not yet fully understood due to the complexities associated with its rapid formation during deformation and its subsequent evolution during cooling to room temperature [17, 27, 28] . For deformation temperatures between Ar 3 and the equilibrium austenite-to-ferrite transformation start temperature (Ae 3 ), SIF formation was successfully simulated as diffusional transformation process in a 0.13 C-0.19Si-0.49Mn steel (wt. %), using the classical theory of ferrite nucleation and grain growth controlled by carbon diffusion [28, 29] . Alternatively, for deformation temperatures above the Ae 3 , SIF formation was suggested to occur via a diffusionless transformation accompanied with carbon diffusion during or after its growth in 0.06 -0.79 C microalloyed steels (wt. %) [27] . A massive transformation was also suggested for SIF formation in steels having a very low carbon content (0.0008 wt. %) [30] .
To this end, the present work investigates the effect of deformation temperature on ferrite formation during TMCP of strip cast DP steel using optical (OM), scanning (SEM) and transmission (TEM) electron microscopy, along with electron backscattering diffraction (EBSD). For the first time, ferrite grain refinement (~ 3 μm) was achieved via SIF formation in strip cast DP steel. Mechanical properties measured using tensile testing were comparable to commercially produced DP 600 steel. A novel segmentation procedure was developed to separate the EBSD maps into polygonal ferrite, SIF and second phase regions (bainite/martensite). The analysis of misorientation angle distributions, deviations from the Kurdjumov-Sachs (K-S) and Nishiyama-Wasserman (N-W) orientation relationships (ORs), and dislocation substructures of different microstructure constituents indicates a higher probability of SIF formation via a diffusional transformation mechanism rather than diffusionless transformation.
Experimental details
Chemical composition of the studied steel was similar to conventional DP steels [1, 2] University using a dip tester facility [31] . A copper substrate was immersed into molten steel for a short and controlled period of time, and then immediately lifted out to simulate the rapid solidification when liquid steel contacts the twin rolls in a strip caster [5] .
The processing schedules ( Fig. 1(a) ) designed based on industrial strip casting production line, were carried out using a Gleeble 3500 thermo-mechanical simulator. Samples with 20 × 15 mm 2 in plane and ~ 1 mm thick were cut from as-cast specimens. As the sample thickness was below the movement control capability of the Gleeble simulator, the investigated samples were sandwiched between two blocks of dummy samples (20 × 15 × 2.5 mm 3 ; made of structural microalloyed steel) as shown in Fig. 1(b) . The samples were heated at 40 Ks -1 to 1000 °C to prevent any precipitation, then continuously heated at 20 Ks -1 to 1300 °C in order to avoid temperature overshooting. Holding at 1300 °C for 180 s was employed to simulate the PAGS (117±44 μm) resulting from dip casting [10] . The compositional segregation would be small in dip-cast sample due to rapid cooling [8] and not be significantly changed during this short austenitisation. After austenitisation, the samples were cooled at 30 Ks -1 to the deformation temperatures, T D ranging from 1050 to 700 °C, where deformation to ~ 0.41 reduction was applied at a strain rate of 0.5 s -1 . This was followed by cooling at 10 Ks -1 to 670 °C and water quenching to room temperature. At a cooling rate of 30 Ks -1 without prior deformation the Ar 3 was 695 °C [10] . Based on our previous study [10] , cooling to 670 °C is expected to result in 0.5 -0.9 ferrite fraction depending on the deformation temperature. 6 Hereafter, the samples deformed at 700, 750, 800, 850, 950 and 1050 °C are referred to as DT 700, DT 750, DT 800, DT 850, DT 950 and DT 1050, respectively. a b Figure 1 . Schematic diagrams of (a) thermo-mechanical schedules and (b) sandwiched sample. The deformation axis is along normal direction. RD is rolling direction, ND is normal direction and TD is transverse direction.
Since our thermo-mechanical processing simulates plain strain compression during hot rolling, the rolling convention ( Fig. 1(b) ) is used throughout the text such that the compression direction is parallel to the normal direction (ND) and the samples extended along the rolling direction (RD) and were constrained along the transverse direction (TD).
For microstructure characterisation, the deformed samples were cut parallel to the RD-ND plane and the observations were carried out in the centre of the deformed area. After hot mounting and standard mechanical polishing, the samples were etched using 2 vol. % nital. solutions. In all maps, subgrain/grain structures were reconstructed using 2° as the minimum misorientation angle and a minimum spatial resolution of 3 pixels was also maintained constant. Misorientation angles (θ) within the range 2° ≤ θ < 15° are defined as low angle grain boundaries (LAGBs), whereas θ ≥ 15° denotes high angle grain boundaries (HAGBs).
Σ3 boundaries are defined using the 〈111〉 60° axis-angle relationship via the Palumbo-Aust criterion (i.e., Δθ ≤ 15° Σ -5/6 with a tolerance limit Δθ = 6°) [32] . Average grain size and subgrain size were determined via the equivalent circle diameter method using boundary identification angles of 15° and 2°, respectively, and a fixed critical boundary completion angle of 2°.
Since the microstructures of the DT 750, DT 800 and DT 850 samples generally comprised polygonal ferrite, SIF and second phase regions (bainite and martensite), all of which display the body-centred cubic (bcc) crystal lattice, the following procedure was developed to segment the EBSD maps. Firstly, a mean angular deviation (MAD) criterion was applied to separate the second phase regions from the total ferrite fraction (comprising polygonal ferrite and SIF). MAD is the average angular misfit (in degrees) between detected and simulated Kikuchi bands and is a measure of the goodness of fit. Here the second phase regions exhibit higher MAD values due to the elastically distorted lattices and higher density of crystalline defects in bainite or martensite compared to ferrite. Consequently, a MAD threshold value of 0.15° was used such that higher values correspond to the second phase regions. Secondly, a subgrain/grain size criterion was applied to separate the total ferrite fraction into polygonal ferrite and SIF. Here, and only for the purpose of segmenting the total ferrite fraction, the boundary identification angle was kept at 2°, while the critical subgrain boundary completion angle was reduced from 2° to 0.5°. Reducing the boundary completion angle ensures full delineation of the individual subgrains of SIF. Then a subgrain size threshold of 4 μm was used such that smaller values correspond to the SIF fraction.
Following phase segmentation, a Matlab code based on the MTex toolbox [33] was written to calculate the angular deviation from the ideal K-S and N-W ORs for each microstructure constituent in the DT 750 map. Firstly, the misorientation angles/axes were calculated between each two neighbouring grains (for polygonal ferrite and SIF) or martensitic/bainitic laths (in the second phase regions). Subsequently, the calculated misorientation angles/axes were compared with the inter-variant misorientation angles/axes of the 24 possible variants of the K-S OR [34] and the 12 possible variants of the N-W OR [35] . The minimum angular deviation value out of the resultant set of solutions was assigned to the grain/lath under consideration. A more detailed description of this approach was given in Ref. [36] .
In order to obtain more statistically representative texture information, an additional set of larger maps (547 × 602 μm 2 ) were acquired on the DT 750, DT 800 and DT 850 samples using a step size of 0.5 μm. The orientation distribution functions (ODFs) (ϕ 2 = 0° and 45° sections) of the small and large maps are depicted using Bunge's notation after exporting EBSD data to the JTex software [37] .
For TEM analysis, 3 mm diameter discs were cut through ND direction ( Fig. 1(b) ) and then mechanically polished to 80 μm thickness. After this, thin foils were prepared using twin-jet electropolishing with an electrolyte containing 10 vol.% perchloric acid in methanol. Brightfield imaging and selected area electron diffraction were undertaken on a JEOL 2011 TEM operating at 200 kV.
Dog-bone tensile samples were cut from the RD-TD plane ( Fig. 1(b) ) with 4.9 mm gauge length (parallel to TD) and 2.1 mm width (parallel to RD). An in-house modified Kammrath and Weiss GmbH tensile stage was used to carry out the tensile tests at a constant speed of 2 μms -1 , which corresponds to an initial strain rate of 4 ×10 -4 s -1 . At least, two samples were tested for each condition. DT 700 samples. PF is polygonal ferrite, B is bainite, M is martensite, SIF is strain-induced ferrite and WF is Widmänstatten ferrite.
Results

The effect of deformation temperature on microstructure evolution
As seen from Table 1 and Fig. 4 (a) , when deformation temperature decreased from 1050 to 950 °C, the ferrite fraction decreased from 0.63 to 0.53. With a further decrease in the deformation temperature to 750 °C, the ferrite fraction increased to a maximum of 0.81, which subsequently decreased to 0.7 after deformation at 700 °C. The average ferrite grain size showed a maximum of 11.9±7.7 μm at 950 °C and a minimum of 3.1±2.3 μm at 750 °C (Fig. 4(b) ). The average grain size of SIF exhibited a similar trend to polygonal ferrite with a minimum of 2.1±0.9 μm after deformation at 750 °C ( Table 1 ). The average size of second phase region decreased from 20.0±18.0 to 5.5±4.3 μm when the deformation temperature decreased from 1050 to 750 °C (Fig. 4(b) and Table 1 ). Then the average second phase region size increased to 6.6±8.2 μm with a decrease in deformation temperature to 700 °C. In addition, the largest size of the ferrite and second phase region declined from 66 to 26 μm and 179 to 44 μm, respectively, with a decrease in deformation temperature from 1050 to 750 °C. This indicates that the microstructure tends to become more uniform with decreasing deformation temperature. However, a further decrease in the deformation temperature to 700 °C led to a significant increase in the maximum sizes of ferrite and second phase regions due to a decrease in polygonal ferrite fraction.
a b c Figure 4 . The dependences of (a) ferrite fraction, (b) ferrite grain size and (c) the size of second phase region on deformation temperature. 
Microstructure characterisation using transmission electron microscopy
As seen in the above optical and scanning electron microscopy results, SIF formation occurred following deformation in the temperature range 800 -700 °C (DT 800, DT 750 and DT 700 samples). Therefore, further microstructure characterisation was undertaken on the DT 800 and DT 750 samples using TEM and EBSD. The DT 850 sample was also investigated for comparison. Due to the detrimental effect of Widmänstatten ferrite (observed after deformation at 700 °C in Fig. 3(h) ) on the final mechanical properties, the DT 700 sample was not considered for further analysis. 
Electron backscattering diffraction characterisation of microstructure constituents
The band contrast maps in Figs. 7(a, c, (which corresponds to the data obtained using optical microscopy (Table 1) ). The SIF average grain size and subgrain size determined using EBSD were respectively 2.6±1.0 and 1.8±0.8 μm (DT 750 sample), and 2.5±0.5 and 2.1±0.5 μm (DT 800 sample). These values are again similar to the SIF average grain sizes (2 -3 μm) measured using optical images (Table 1) Table 2 . As can be seen, the misorientation angle distributions for the full maps (including all phases) of the three investigated temperatures generally exhibit similar trends, with LAGB fractions within the range of 0.37 -0.45. Here one may argue that the high LAGB fraction in the total ferrite subset (comprising polygonal ferrite and SIF, Fig. 8(c) ) could simply be forming due to deformation and subsequent recovery of polygonal ferrite. However, since the deformation temperature of 750 °C is much higher than the Ar 3 temperature (695 °C), it is SIF that is expected to form during deformation, whereas polygonal ferrite forms later on during cooling.
In other words, there are no deformation substructures in polygonal ferrite to be recovered during cooling. It follows that the observed high fraction of LAGBs is mainly associated with SIF formation (Fig. 8(c) The misorientation distributions of the second phase regions in all three conditions are typical of diffusionless transformation from austenite to bainite/martensite following the K-S or N-W ORs, with misorientation angles between crystallographic variants being predominant in the ranges from 10.5 to 14.9° and from 49.5 to 60.0° [34, 35] . The observation of high fraction of low misorientation angles (< 10°) in the second phase regions is also typical of fast diffusionless transformation [38] . Expectedly, the above misorientation peaks (associated with crystallographic variants) were not observed in the polygonal ferrite fraction which forms via diffusional transformation. Interestingly, these peaks were also absent from the misorientation distributions of SIF and it alludes to the diffusional mechanism of its formation. Fig. 7(f) . It is noted that the ODF calculated from the full map ( Fig. 10(a) ) is generally in good agreement with the ODF calculated from the large area map shown before in Fig. 9(d) . The lower intensity around the (001) [1 10 ] rotated cube component in Fig. 10(a) is associated with the smaller investigated area. Fig. 7(f) ).
Texture evolution
The texture of polygonal ferrite ( Fig. 10(b) ) mirrors that of the full map ( Fig. 10(a) ). While the polygonal ferrite and SIF textures are generally similar (c.f. Figs. 10(b, c) ), higher intensity and less spread were observed for the latter. This is probably due to the preferential nucleation of SIF grains along the prior austenite grain boundaries following the K-S OR with at least one neighbouring parent austenite [36] , as well as the limited growth of SIF [41, 42] .
As pointed out in Refs. [41, 43] , there is no strong evidence for variant selection during diffusional transformation, whereas variant selection typically occurs during diffusionless transformation. Consequently, while variant selection analysis is beyond the scope of the present study, it is expected to contribute to the observed differences between the ODFs of the diffusional and diffusionless transformation products as discussed below.
The higher texture intensities observed for the second phase regions ( Fig. 10(d) ) is likely due to the diffusionless transformation of austenite to bainite/martensite, which results in more intense textures than diffusional transformation [40, 41, 44] . Compared also to polygonal ferrite and SIF, the maximum intensity near the γ-fibre at ϕ 1 = 90° shifts from (332) [1 13] towards (111) [1 12] in the second phase regions ( Fig. 10(d) ). Here both the (332) [1 13 ] and (111) [1 12] orientations originate from the Br component in austenite [41] . As reported in Ref.
[15], during transformation from the Br Component, the (332) [1 13] orientation is favoured over the (111) [1 12] orientation, when assuming equal probability of all the 24 possible variants of the K-S OR. It follows that, variant selection is likely responsible for the higher intensity of the (111) [1 12 ] orientation compared to the (332) [1 13 ] orientation ( Fig. 10(d) ) [41] . Additional point of difference between polygonal ferrite and SIF (Figs. 10(b, c) ) on one hand and the second phase regions ( Fig. 10(d) (Figs. 10(b, c) ) is likely associated with the presence of {103}〈001〉 orientations in the respective parent austenite grains.
Mechanical properties
Tensile curves after deformation at different temperatures are shown in Fig. 11 , while the mechanical properties retrieved from these curves are listed in Table 3 . Compared to the DT 800 and DT 750 samples, the DT 1050 and DT 700 samples showed higher 0.2% offset yield stress (YS) and ultimate tensile strength (UTS) with lower uniform elongation (UE) and total elongation (TE). This could be ascribed to the higher second phase regions fraction in the DT 1050 and DT 700 samples ( Table 1 ). The optimal combination of strength and ductility was observed after deformation at 750 °C (UTS × TE = 18067 MPa%). Figure 11 . Engineering stress-engineering strain curves after deformation at different temperatures.
Discussion
Strain-induced ferrite formation
The observation of SIF after deformation between 700 and 800 °C is in accordance with Refs.
[ 21, 22] , as this temperature range corresponds to the region from Ar 3 to (Ar 3 + 100) °C where SIF formation is expected. The lowest SIF fraction (0.03±0.01) obtained in DT 700
sample can be ascribed to the formation of proeutectoid ferrite before deformation, which occupies SIF nucleation sites along the prior austenite grain boundaries and consequently hinders SIF formation. Alternatively, the higher SIF fraction observed in DT 750 sample (0.18±0.03) compared to DT 800 sample (0.04±0.01) is attributed to the increase in driving force for ferrite nucleation with the decrease in deformation temperature [28, 45] . Thus, the following discussion is focused on the DT 750 sample with the largest SIF fraction.
An enlargement of the rectangular region in the DT 750 phase map (Fig. 7(f) ) is given in Fig.   12 (a) and it shows two groups of differently oriented SIF subgrains (marked by "A" and "B") separated by a HAGB. Fig. 12(b) is a point-to-point misorientation profile along the white line in Fig. 12(a) , which clearly shows the high misorientation (~ 46°) across the boundary between A and B. Since SIF preferentially nucleate along prior austenite grain boundaries [28, 45, 46] , groups A and B can be assumed to transform from two different prior austenite grains such that subgrains within the same group exhibit similar orientations and do not develop high misorientation angles (Fig. 12 (a) ). This is likely linked to the limited coalescence and growth of SIF grains due to the high carbon concentration at the austenite/SIF and SIF/SIF interfaces, which in turn decreases the driving force for the interface migration [28] . Accordingly, high LAGB fraction is observed in the SIF subset (Table 2 ). Another potential reason for the observed high fraction of LAGBs is the occurrence of recovery (Fig. 6(c) ) during slow cooling to 670 °C after deformation, leading to rearrangement of dislocation tangles. a b Figure 12 . (a) Inverse pole figure with grain boundaries of strain-induced ferrite after deformation at 750 °C, which was enlarged from the rectangle region in Fig. 7(f) ; (b) corresponding point-to-point misorientation along the white line in (a) from left to right. LAGBs = 2 -15° = silver and HAGBs ≥ 15° = black.
The high LAGB fraction observed in the present work after 0.41 reduction (Table 2 ) is in agreement with previous studies on low carbon [17] and DP steels [25] , wherein similarly high LAGB fraction (~ 0.50) was reported following a reduction range of 0.2 -0.5. In contrast, a low LAGB fraction (~ 0.15) was recorded in Refs. [22, 47, 48] for a reduction of ~ 0.8. In the latter case, higher reductions reduce the LAGB fraction as the LAGBs formed during the initial stages of deformation progressively transform to HAGBs via subgrain rotation and dislocation incorporation into LAGBs [47, 49] .
Depending on the deformation temperature, SIF formation may generally occur via diffusionless (> Ae 3 [27] ) or diffusional (between Ar 3 and Ae 3 [28, 29] ) transformation. Under the present experimental conditions (deformation between Ar 3 (≈ 690 °C [10] ) and Ae 3
(around 820 -860 °C [22, 25] )) SIF is expected to form via diffusional transformation as supported by the following observations. Firstly, the misorientation angle distribution of SIF ( Fig. 8) is markedly different from that of the second phase regions (forming via diffusionless transformation [34, 35, 38] ) and is similar to that of polygonal ferrite (forming via diffusional transformation [28, 29] ). Secondly, the TEM micrographs in Fig. 6 , show similar dislocation substructures and recovery phenomenon in both SIF and polygonal ferrite. Lastly, the calculated deviations for each microstructure constituent from the ideal K-S and N-W ORs also suggest SIF formation by diffusional transformation. As seen in Fig. 13 and Table 4 , the distributions and fractions of deviation angles for SIF are more similar to polygonal ferrite compared to the second phase regions.
To this end, Fig. 13 and Table 4 also indicate that phase transformation in the present study followed the K-S OR more closely than the N-W OR as evidenced by the higher fraction of low deviation angles (within 5°) for the former compared to the latter. In addition, SIF exhibited less deviation from the K-S OR compared to polygonal ferrite due to its preferential nucleation along prior austenite grain boundaries ( Fig. 7(f) ) while following the K-S OR with at least one neighbouring parent austenite [36] . a b Figure 13 The distribution of deviation angles from (a) Kurdjumov-Sachs (K-S) and (b) Nishiyama-Wasserman (N-W) orientation relationships (ORs) for DT 750 sample. 
The dependence of ferrite formation on deformation temperatures
Understanding the effect of deformation temperature on ferrite nucleation and growth is of significant practical importance as the processing route in industrial strip casting lines comprises only one rolling mill [4, 6] . The effect of deformation temperature on the nucleation and growth of ferrite in the present DP steel is schematically illustrated in Fig. 14 [22, 45, 47, 50, 51] . Deformation at 1050 °C, which is above T nr ≈ 950 °C [13, 14, 16] , resulted in static recrystallisation, decreased PAGS and increased prior austenite grain boundary areas available for polygonal ferrite nucleation. Deformation at 950 °C, which is near T nr , resulted in pancaked austenite and elongated polygonal ferrite and second phase regions as seen in Fig. 2(b) . The decrease in polygonal ferrite fraction from 0.63 to 0.53 (Table 1 ) with a decrease in deformation temperature from 1050 to 950 °C can be a consequence of a reduced number of nucleation sites in the pancaked austenite (at 950 °C) with coarser grain size, compared to the recrystallised austenite (at 1050 °C) with smaller grain size. With a decrease in deformation temperature to 850 °C, the number of deformation-induced crystal defects increased, resulting in more nucleation sites not only along the prior austenite grain boundaries but also inside the grains [52] , which led to an increase in polygonal ferrite fraction. After deformation at 800 and 750 °C, the SIF formation first took place followed by polygonal ferrite formation. The total ferrite fraction increased due to a significant increase in the number of SIF nucleation sites along prior austenite grain boundaries where more deformation defects existed [26] and polygonal ferrite nucleation sites in the interior of prior austenite grains [52] . Both polygonal ferrite and SIF exhibited polygonal shape while the second phase regions were elongated following transformation from the deformed pancaked austenite (Figs. 2(d, e) ). Decreasing the deformation to 700 °C decreased the total ferrite fraction from 0.81 to 0.70 (Table 1) as the time available for growth decreased.
In accordance with the above discussion, the increase in the number of ferrite nucleation sites with decreasing deformation temperature leads to fine average ferrite grain size of ~ 3 μm (Table 1) , following SIF formation.
Mechanical properties
The individual contribution of polygonal ferrite, SIF and second phase regions to the strain hardening is analysed by correlating the true stress (σ) and true strain (ε) of each microstructure constituent using the following equation [53, 54] : 
Δσ represents the strengthening by carbon in solution. Considering the similarities between polygonal ferrite and SIF as shown in the above analysis, Δσ is assumed to be the same for both constituents and calculated as [54] :
For the second phase regions, Δσ is expressed as [54] :
For the three constituents, α is a material constant (0.33), μ is the shear modulus (80000 MPa), M is the Taylor factor (3), b is the Burger's vector (2.5 × 10 -10 m), L is the mean free path of dislocations, and k is the recovery rate [54, 55] . For polygonal ferrite and SIF, L was assumed to be equal to the average subgrain size determined from EBSD and k is equal to 10 -5 /L. For the second phase regions, L is an order of magnitude smaller than the lath width determined from EBSD and k is set as 41 [54] . The carbon concentration [C] in polygonal ferrite and SIF was considered to be 0.004 wt. % based on carbon solubility in iron at room temperature [56] , whereas the carbon concentration in the second phase regions was calculated based on the carbon balance in the steel.
The modified iso-work model was used to correlate the true stress and true strain increments (dε) of each microstructure constituent [57] :
where the subscripts PF, SIF and SPR denote polygonal ferrite, SIF and second phase regions, respectively, and w is weighted constant for the second phase regions and is used as a fitting parameter.
The total macroscopic true strain increment (dε macro ) is given by rule of mixtures [58] :
e e e e = + +
where f PF , f SIF and f SPR denote fractions of polygonal ferrite, SIF and second phase regions, respectively. The macroscopic true stress (σ macro ) can be expressed as follows:
As seen in Fig. 15(a, b) , the calculated macroscopic true stress-strain curves for the DT 750
and DT 800 samples are in a good agreement with their experimental counterparts. The slight overestimation in the elastic-plastic transition region is because the model does not account for elastic deformation [57] .
As shown in Fig. 15(c) for the DT 750 sample, the strain hardening of the second phase regions reached a saturation level at a small strain of 0.02, while more sustainable strain Comparison of the true stress-strain curves of polygonal ferrite and SIF for the DT 750 and DT 800 samples ( Fig. 15(d) ) shows that both polygonal ferrite and SIF in DT 750 sample exhibited higher true stresses, which again resulted from smaller grain sizes in the DT 750 sample than those in the DT 800 sample (Table 1) .
Lastly, the mechanical properties of the present strip cast DP steel are compared with those of commercially produced hot and cold rolled DP steels. The hollow stars in Fig. 16 show the mechanical properties of strip cast DP steel produced using heat treatment without deformation [11] , while the half-hollow stars denote the improved mechanical properties as a result of deformation above the T nr temperature [10] . In the current study (solid stars) a further step in the property improvement was made via deformation below T nr , namely in the 700 -950 °C temperature range, a part of which led to SIF formation and significant grain refinement. The high ferrite fraction and refined microstructures of the DT 750 and DT 800 samples resulted in UTS × TE in the range of 16000 -18000 MPa% ( Fig. 16 and Table 3 ).
These tensile properties significantly outperforms the industrially produced DP 600 steel (12760 -14740 MPa%) and underscores the feasibility to produce DP steels using the strip casting technology. Figure 16 Comparison of mechanical properties among the studied steels [11, 12] , hot rolled DP steels [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] and DP steels from ArcelorMittal Company's brochure [70].
Conclusions
Investigation of the dependence of ferrite formation and mechanical properties on deformation temperature in strip cast dual phase steel showed that:
(1) With a decrease in deformation temperature from 1050 to 700 °C, the ferrite fraction tended to increase, and the average ferrite grain size and the average size of second phase region tended to decrease. The SIF formation was observed following deformation in the 700 -800 °C temperature range, with the maximum fraction and minimum grain size obtained at 750 °C.
(2) Similar dislocation substructures, such as isolated dislocations, dislocation tangles and walls, were observed in SIF and polygonal ferrite. The dislocation walls suggested that the recovery phenomenon occurred during cooling after deformation. (6) The modified iso-work modelling analysis of the flow stress suggests that SIF could enhance strength while slightly decreasing ductility.
